Sputter monitoring system using continuous-wave cavity ring-down spectroscopy (cw-CRDS) was built for both lifetime assessment and contamination effects in Hall thrusters. First, we have performed proof of principle measurements of sputtered boron atoms from BN targets by argon ions using pulsed CRDS. The measurement strategy is based upon detection of boron atoms via an absorption line from ground state at a wavelength of 249.773 nm. The path-integrated number density is 1.8×10 13 m -2 at ion beam current of 45 mA and argon ion energy of 1,000 eV. The number density is proportional to the ion beam current, as expected. These results show the validity of the boron sensor for detecting sputtered boron atoms. Next, in order to achieve the required detection sensitivity and time response, we implement CRDS with a continuous-wave (cw) laser for enhanced sensitivity. The target was changed to manganese (=403.07 nm) instead of boron. The results show that a detection limit of per-pass absorbance of 0.6 ppm for a 1-s measurement time. Scaling the experimental results and accounting for changes in laser system and mirror reflectivity indicate that the BN detection system should have sufficient signal-to noise for expected Hall thruster conditions.
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Introduction
Hall thrusters are a class of electric propulsion devices developed in the 1960s to alleviate the thrust density limitation of ion thrusters.
Because grids are not required to accelerate the ions, the thrusters are also attractive since they do not suffer from the large grid erosion rates of ion thrusters. Since 1971 two SPT-60 Hall thrusters have been used on the Meteor satellite and over 238 Hall thrusters have been operated in space on 48 spacecraft. Commercial Hall thrusters are now available in the US from Aerojet, Busek, and International Space Technologies Incorporated (ISTI). Space Systems/Loral flew Fakel SPT-100s on its MBSAT in 2004 while the ESA recently set endurance records for in-space Hall thruster operation with the PPS-1350-G used on the SMART-1 lunar mission. Although the specific impulse of Hall thrusters is considerably higher than that of chemical rockets, the thrust values are much lower. The tradeoff is due to the fact that the Hall thrusters (and other EP systems) derive their electrical power from the spacecraft. This means that Hall thrusters will have to operate for considerably longer durations than their chemical propulsion counterparts so that long engine life is critical. For example, a Hall thruster used for NSSK of a commercial spacecraft will have to operate for over 5,000 hours over the course of its mission 1, 2) . The life-limiter for Hall thrusters is acceleration channel wall erosion 3) . Not only does acceleration channel wall erosion lead ultimately to the end of thruster life once the wall is completely eroded through, but sputtered wall material can redeposit and form coatings on spacecraft surfaces such as solar arrays and sensor optics thereby posing a serious risk to spacecraft operation. Moreover, the effect of varying thruster operating parameters such as voltage and mass flow rate on lifetime is not well understood for Hall thruster operation. This lack of understanding makes developing a high-performance Hall thruster that is designed to span a wide range of operating conditions (e.g., voltage and mass flow rate) extremely challenging and expensive. Currently, the only way of verifying that a thruster has sufficient life for its mission is to operate it beyond its expected total thrust duration in a vacuum chamber in a life test. However, such life tests can cost several hundred thousand to millions of dollars and can tie up valuable vacuum facilities and engineers for several months. What is needed, therefore, is a method of measuring thruster erosion rates non-intrusively in real-or near-real-time. The erosion rate can be measured by probing the eroded wall material in the plume. Such measurements would allow simultaneous evaluation of the impact of Hall thruster design changes on performance and lifetime.
The ideal diagnostic for in situ thruster studies should have high sensitivity to measure low erosion rates, the possibility of integration to a thruster test-facility, and fast time-response to explore a range of operating conditions. Techniques such as weight loss 4) , collector plates 5) , quartz crystal microbalance 6, 7) , radioactive tracers 8) , mass spectrometr 9) , and Rutherford backscattering 10) , each have certain advantages and can be appropriate for material sputter characterization studies but none readily meets all of the above criteria. The need for a sensitive nonintrusive measurement suggests the use of optical techniques. Optical emission spectroscopy (OES) 11, 12) , laser induced fluorescence (LIF) 13) and multi-photon ionization coupled to a time of flight mass spectrometer 14, 15) have been used for species-specific sputtering measurements. The use of LIF has been particularly extensive and has proven to be very effective for velocity measurement though challenging for quantitative number density. OES is attractive owing to its experimental simplicity but the analysis can be challenging since collisional-radiative modeling (or similar) is required to extract number densities 16) . Owing to these limitations, Laser Absorption Spectroscopy (LAS) has been proposed for erosion rate measurement 3 . LAS is a non-intrusive optical method with the potential advantage of providing directly quantitative number density measurements (meaning it does not require external calibration). Furthermore, LAS is amenable to in situ studies which can be conducted in near real-time. Our previous research showed the possibility of nonintrusive near real-time erosion measurement by LAS in an anode layer type Hall thruster 3 ; however, the approach didn't yield sufficient sensitivity for number density measurements at needed conditions. The approach presented here builds upon our previous development of cavity ring-down spectroscopy (CRDS) for sputtering measurements [17] [18] [19] [20] [21] . Past research has developed the use of cavity ring-down spectroscopy (CRDS) to study sputtering of molybdenum, titanium and other species. CRDS is a path-enhanced laser absorption method that provides the ultra-high sensitivity required to measure low erosion rates.
Our current focus is to develop a CRDS boron sensor for Hall thruster erosion studies. Boron nitride (BN) is generally used for the acceleration channels of magnetic layer type Hall thrusters. The measurement strategy is based upon probing boron atoms absorption line from their ground state which is in the vicinity of 250 nm in the ultraviolet. CRDS measurements of boron present challenges owing to reduced mirror reflectivities in the ultraviolet (mirrors with R0.996 have been used in our work to date).
In this contribution, we present initial development of CRDS to study boron nitride. As a first step toward the boron sensor, we have performed proof of principle measurements of boron from BN targets using pulsed-CRDS in a diagnostic chamber which allows elevated boron number densities. Next, in order to achieve the required detection sensitivity and time response, we implement CRDS with continuous-wave (cw) lasers for enhanced sensitivity. The target changed to manganese (=403.07 nm) instead of boron.
Cavity Ring-Down Spectroscopy (CRDS)
CRDS is a path-enhanced laser absorption method that provides the ultra-high sensitivity (down to sub-ppm levels per pass) 22) . The technique is used extensively for trace-species measurement in flames, plasmas, and the atmosphere and we have developed its use for the study of sputtered particles in electric propulsion applications. The technique is directly quantifiable and can measure the ground states. Measuring ground states can be advantageous since these levels typically contain a large fraction of the overall species population and their population fractions are less affected by collisional and radiative rates.
As shown in Fig. 1 , the basic idea is to introduce an absorbing species (i.e. the sputtered atoms) into a high finesse optical cavity formed from high-reflectivity (HR) mirrors. The probe laser beam is coupled into the optical cavity where it "bounces" many times back-and-forth between the mirrors. Owing to the high reflectivity, the light within the cavity makes many passes within the cavity (e.g. ~10 4 passes for R~0.9999), and the effective path length and thus sensitivity is greatly increased. A detector placed behind the cavity measures the temporal decay of optical intensity within the cavity. The difference in the temporal decay rate with and without the absorber (or with the laser tuned on/off the resonance) yields the sample concentration. The technique affords high sensitivity owing to a combination of long effective path length and insensitivity to laser energy fluctuations (since a rate is measured). Under appropriate conditions, the ring-down signal S(t,n) decays single exponentially versus time as 22, 23) ,
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fitted with an exponential, and the ring-down time  is extracted. Combining  with the "empty cavity ring-down time",  0 (which in practice is measured by detuning the laser) allows determination of the sample absorbance, Abs(), and absorption coefficient:
A commonly used approach is to scan the laser frequency across the absorption line and to measure the wavelength-(or frequency-) integrated spectrum (i.e. the line area). Assuming the spectroscopic line parameters are known, the measured area Abs() d of a transition from lower state i to upper state k can be readily converted to the path-integrated concentration of the lower state N i dx as:
For cases where the spatial distribution of particles is non-uniform, actual concentration profiles can be determined from the path-integrated concentration in several ways. For rough approximation one can assume a uniform concentration profile over a known column length, l abs . Alternatively, Abel inversion or other inversion approaches based on inversion and modeled spatial profiles can be used 24) . CRDS can also be used to extract velocity information from the measured spectral lineshapes 21) .
Boron measurement by Pulsed CRDS.
We have performed proof of principle measurements of boron from BN target using pulsed CRDS in a diagnostic chamber allowing elevated boron number densities. Figure 2 shows a schematic diagram of the bench-top sputtering apparatus employed for CRDS diagnostic development 17) . The apparatus allows us to use CRDS to ~0.002 nm. We use a linear ring-down cavity of 0.75 m length with 1 m radius-of-curvature mirrors. In order to prevent possible saturation effects, the laser energy is reduced with an attenuator to ~100 J/pulse prior to cavity injection. The ring-down signal is collected behind the output mirror with a fast photomultiplier tube (PMT).
Experimental Setup
Ring-down signals are fit between 90%-10% of the peak amplitude. We use area (frequency-integrated) measurements of absorbance in our analyses. Table 1 shows energy levels, spontaneous emission rates (Einstein A coefficients), and wavelengths for the targeted line. The ground term for this species has two distinct levels: 2s 2 P 1/2 0 (at 0.00000 eV) and 2s 2 P 3/2 0 (at 0.00189 eV). As a result, fine-structure splitting results in two distinct B I absorption lines near 250 nm: the 2s 2 P 1/2 0  3s 2 S 1/2 absorption at 249.677 nm(Air), and the 2s 2 P 3/2 0  3s 2 S 1/2 absorption at 249.773 nm(Air). The targeted lines are selected based on their optical accessibility and high absorption strength. The next lowest energy level is above 3 eV so that to a good approximation all population will reside in the split ground state, meaning that the measured states will provide a direct measure of the overall boron population. Figure 3 shows the corresponding absorbance spectrum after baseline fitting and subtraction along with a best-fit Voigt peak for the 249.773 nm line. The BN sample is HBC grade from General Electric's Advanced Ceramics. The BN sample used was 10 cm by 10 cm square with thickness of 2 mm. Initial studies of dependence of boron path-integrated number density versus beam current at constant beam voltage of 1000 V have been performed and are shown in Fig. 5 . The path-integrated number densities are determined from the absorption lines areas as found from Voigt fits to the measured spectra. Assuming a column length of 10 cm (corresponding to the target dimension), the rough estimated number density of boron is 1×10 13 These results show the validity of the CRDS boron sensor using ultraviolet probe laser and the availability of this sensor for Hall thruster erosion studies, though the SN ratio must be improved.
Results

Real-time monitoring system by cw-CRDS
We have performed proof of sensitivity and time response of the sputtered material sensor using cw-CRDS in a diagnostic chamber. The target changed to manganese from boron, since the cw-CRDS boron sensor has a lot of challenges. The future BN system will use different laser and mirrors, but that this experiment serves to demonstrate cw-CRDS for sputter measurements, including examination of practical issues such as cavity alignment and mirror contamination.
Experimental Setup
We use a tunable diode laser with external cavity (ECLD) to measure the transition line of manganese at 403.076 nm (Air). The transition data for this measurement are shown in Table 2 , as quoted from the NIST database 25) . The modehop free tuning range of the laser is about 30 GHz and the laser linewidth is less than 5 MHz. An optical isolator and Single Mode FC/APC fiber are used to prevent back reflections into the laser. An aspheric lens is used at the fiber exit to collimate the beam and to match the beam to TEM 00 mode of the cavity.
A threshold detection circuit and an acousto-optic modulator (AOM) are used to extinguish the incoming laser beam. The combined time response of the threshold circuit and AOM firing is less than 400 ns. A photomultiplier tube is used as a detector and positioned behind the cavity. A dielectric interference filter and an iris are used to suppress background light and the emission from the plasma. Ring-down signals are measured with a 20 MHz 12-bit analog-to-digital acquisition board connected to a personal computer, and a custom Labview program is used for exponential fitting with the nonlinear Levenberg-Marquardt fit. A solid etalon (free spectral range=2.26 GHz) is used as a frequency reference.
The optical cavity length is 0.83 m and is formed by a pair of high reflectivity mirrors (Los Gatos Research, R>99.995), each 25.4 mm in diameter with radius-of-curvature of 1 m. We typically operate with empty-cavity ring-down times of ~20s, corresponding to R~99.986% (close to manufacturer's specifications). The mirrors are held in custom mounts affixed to the end of extender arms connected to the vacuum chamber. The mounts are mechanically and thermally isolated from the main chamber body by using bellows in line with the arms. A series of irises (diameter ~ 5 mm) are set to the arms in order to prevent the mirrors from deposition of sputtered particles. With this method, minimal degradation of mirror reflectivity has been observed (~5-10 ppm/hour). Improved shielding and/or periodic cleaning would be required for longer term operation.
For demonstrating the real-time monitoring of the sputtered material, a multilayer target comprised of alternating layers of Mn/Fe (500 Å thick) and titanium (200 Å) are used. The layers were sputter deposited onto a silicon wafer substrate. There is a top(outer) layer of titanium (3000 Å) which must be sputtered before reaching the alternating layers containing Mn. The dimensions of the target surface were 5 mm5 mm. Table 2 . Transition data for manganese (from NIST database). Concentration measurements are determined from the area of absorption spectra, as shown in Fig. 6 . We have subtracted a small baseline contribution (~10 8 cm -2 ) associated with residual Mn present in the vacuum chamber. In this case, the diode laser scan interval is 35 GHz and scan duration is 0.5 s. The ion beam current and voltage were 120 mA and 750 V respectively. The optical axis is 2 cm above the target. To construct the spectrum we use a binning approach where the frequency axis is divided into a series of bins, each with width 2 GHz, and signals falling within the bin are averaged. The slight thermal drift of the ring-down cavity over time actually aids in distributing the measurements more uniformly within the bins. The wavelength-integrated area of the spectrum yields the path-integrated concentration. Figure 7 shows the time dependence of manganese concentration deduced from the multilayer target. The cw-CRDS detection can readily detect the appearance and ending of the Mn-containing layers. The rounded profile of each layer is primarily owing to the non-uniformity of the ion beam current density distribution, which causes non-uniform sputter rates over the target area so that the layers start and finish at slightly different times at different locations on the target. For this reason, earlier tests with larger targets (e.g. 4 cm x 2 cm) failed to detect any clear Mn/Ti boundary. The time duration of each Mn/Fe layer is approximately 40 seconds, corresponding to etching rates of approximately ~13 Å/s for the 500 Å thick layers The observed etch rates of ~10Å/s agrees reasonably with a simple numerical estimate of ~23 Å/s based on the average ion current density (j=2.0 mA/cm 2 ), expected sputter yield (Y=1.51 atoms/ion based on averaging single-species yields of Y Mn =2.01 atoms/ion and Y Fe =1.00 atoms/ion for 600 eV argon ions 12 ), effective molar mass and density (using average of Mn and Fe values), and the target thickness. The experimental titanium etch rate of ~5 Å/s (~200 Å / 40 s) is also reasonably consistent with a similar numerical estimate of etch rate of ~7 Å/s (found analogous to that described above but with titanium material properties and an expected sputter yield of Y Ti =0.53 atoms/ion for 600 eV argon ions 12 ). The cw-CRDS real-time sputter monitoring system reported here is, to the best of our knowledge, the first such demonstration. As discussed below, the sensitivity of the system is very adequate for expected Hall thruster erosion conditions. In terms of optical sensitivity, the minimum detectable absorbance of our system is 2 ppm per laser shot, and the measurement repetition rate is 200 Hz. Therefore, the sensitivity can be estimated as 1.4×10 -8 cm -1 Hz -1/2 (assuming a sample length of 10 cm). Equivalently, the detection limit of per-pass absorbance at a fixed wavelength is 0.14 ppm for a 1-s measurement time.
Result
However, when performing manganese measurements, the actual 1-s detection limit was 0.6 ppm with the degradation in sensitivity being due to the method used for scanning and binning the laser wavelength. Using this latter value, and considering the reduced mirror reflectivity at 250 nm (R~0.996 at 250 nm versus R~0.99986% at 403 nm), the corresponding detection limit of 250 nm boron CRDS system would be ~20 ppm for a 1-s measurement time.
Based on scaling of wall erosion rates modeled by Yim et al. 26) , we predict a path integrated number density at the thruster exit plane of boron of 10 13 -10 14 m -2 . The corresponding peak absorbance signal is ~40-400 ppm if we assume the same linewidth of 0.005 nm as found in the pulsed CRDS measurements (shown in Fig.3) . Thus, we anticipate that our CRDS detection system will allow sputter measurements with a signal-to-noise ratio of 2 to 20 for one-second measurement. We will further improved the signal to noise ratio by increasing the measurement repetition rate. Using a PZT on the cavity mirror to bringing the cavity into resonance with the laser 27) will improve the repetition rate up to 5000Hz, meaning the detection limit of the boron sensor will be 4 ppm for one second. Correspondingly, the signal-to-noise ratio will improve to 10 to 100 (depending on boron concentration). This sensitivity of the BN system should be sufficiently high for real-time monitoring of Hall thruster erosion.
Summary
For the building a real-time or near real-time erosion monitoring system in Hall thrusters, we performed two experiments.
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First, Number density measurements of boron atoms sputtered from BN targets by argon ions were performed. The measurements employ ultraviolet laser based pulsed cavity ring-down spectroscopy (CRDS) in the region of ultraviolet, 250 nm. Measurements in this spectral region are challenging one since the reflectivity of available mirror at wavelength of 250 nm is R~0.996, this is relatively low comparison with that of a mirror adopted conventional CRDS measurements. The measured number density at ion energy of 1,000V and ion beam current of 45 mA was 1×10 13 m-3, which is in reasonable agreement with expectations from modeling and past research. Dependence of sputtered particle number density on ion beam current was also measured and found to be in accord with expectations. The boron measurements provide proof of principle for a BN erosion sensor that we will develop.
Next, time variation of the number density of manganese atoms sputtered from multilayer targets by argon ions were measured in order to build real-time monitoring system of sputtered material. For the demand on time response and sensitivity, cw-CRDS is adopted. The observed etch rates of ~10Å/s agrees reasonably with a simple numerical estimate of ~23 Å/s. it means the time response of this sensor is adequate. A detection limit of per-pass absorbance is 0.6 ppm for a 1-s measurement time. Considering the reduced mirror reflectivity at =250 nm, the detection limit is estimated as 20 ppm for 1 second measurement. The estimated signal level is 40-400 ppm, therefore, this signal to noise ratio is estimated as 2-20 for 1 second measurement. It could be improved to 10-100 by using a PZT.
Signal levels, time response and signal-to-noise of the cw-CRDS sensor have been examined and should allow near real time measurements of sputter erosion in Hall thrusters, thereby providing a new and powerful tool for sputter erosion and lifetime studies.
